We aim to provide basic technology for the marine transportation of liquid hydrogen (LH 2 ). As one of the basic technologies, we are currently developing an external-heating-type superconducting magnesium diboride (MgB 2 ) level sensor for large liquid hydrogen tanks. The optimization of sensor performance and the effect of sensor length on thermal response were previously reported. Sloshing inside a liquid hydrogen tank, which is predicted to be more complex than that of liquefied natural gas (LNG),
Introduction
Hydrogen is attracting attention as a medium for solving environmental problems and avoiding a future energy crisis. In Japan, a country that lacks sufficient energy resources, for the widespread use of hydrogen energy, the production method and production site of hydrogen are very important. Therefore, hydrogen gas is produced using renewable energy resources and with brown coal overseas such as in Canada and Australia, where hydrogen gas is liquefied on site because the density of liquid hydrogen is about 800 times that of gaseous hydrogen (300 K, 0.1 MPa). Moreover, the marine transportation of large amounts of liquid hydrogen (LH 2 :20 K), which is a cryogenic liquid, at a low cost is already in progress [1] .
A large LH 2 tank is necessary to transport LH 2 by ship, and the precise control of the liquid level in the large LH 2 tank is necessary for safety and economy during the transportation. The differential pressure-type level gage used in a conventional large LH 2 tank for a truck has a slow response (about 10 s), and the large measurement error of ±10% for a large LH 2 ship tank (1250 m 3 ), which is the subject of this research, is equivalent to 125000 L. Recently, a superconducting magnesium diboride (MgB 2 ) level sensor for LH 2 has been developed. To prevent cooling by the hydrogen vapor around the liquid surface, this level sensor has two types of heating method. Haberstroh and Kajikawa have been developing a self-heating-type MgB 2 level sensor. This type of level sensor utilizes Joule heat with measurement current [2] - [5] .
On the other hand, we are developing an external-heating-type MgB 2 level sensor; this type of level sensor is expected to be efficiently heated by an external heater [6] - [10] . In order to apply this level sensor to a large LH 2 ship tank, the optimization of the sensor performance and the effect of the sensor length on the thermal response were previously reported [11] - [12] . Furthermore, we constructed an LH 2 experimental system on board of a training ship and carried out verification tests. We have clarified that this level sensor can be used as the level gage for a large LH 2 ship tank [13] . In addition, we successfully measured the time variations in the liquid level of a 2000 L LH 2 tank during transportation by a truck and we performed numerical simulations of the liquid level, temperature, and pressure inside a 2000 L LH 2 tank during transportation by a truck [14] - [15] .
The sloshing phenomenon inside an LH 2 tank during marine transportation by ship has not yet been experimentally clarified, despite a similar phenomenon occurring inside liquefied natural gas (LNG:112 K) tanks. In the case of LH 2 , there is no damage to the tank due to sloshing because the storage weight is much smaller than that of LNG. However, the amount of LH 2 evaporation is 10 times higher than that of LNG because the amount of boil off gas (BOG) increases as heat is exchanged with the inner wall of the tank when sloshing occurs inside the LH 2 tank. When the pressure inside the LH 2 tank becomes high, a discharge valve is opened to discharge BOG from the LH 2 tank. Therefore, the amount of BOG should be reduced as much as possible. In order to reduce the amount of BOG, it is important to determine the sloshing period of the LH 2 tank. Therefore, it is necessary to install a sloshing prevention board with an optimum shape in the LH 2 tank to suppress sloshing.
The external-heating-type MgB 2 level sensor has a good response to level detection. Multiple level sensors are installed inside the LH 2 tank to simultaneously measure the liquid level. These level sensors are expected to clarify the sloshing inside the LH 2 tank. The purpose of this study is to evaluate the applicability of sloshing measurement using five external-heating-type MgB 2 level sensors; thus, we use an LH 2 optical cryostat to simulate a small LH 2 tank and we compare the liquid level obtained from the sensor output voltage with that obtained from an image captured by high-speed microscopy. Furthermore, we examine the dynamic level-detecting characteristics of the external-heating-type MgB 2 level sensors.
External-heating-type MgB 2 level sensors
The measurement principle of the external-heating-type MgB 2 level sensor is as follows. A superconducting level sensor utilizes the differences in electric resistance R between the liquid phase (R = 0) and the vapor phase (R > 0). Therefore, the liquid level can be obtained by measuring the overall electric resistance of the MgB 2 level sensor since the overall electric resistance depends on the liquid level. However, the sensor in the vapor phase is cooled by the evaporated gas, and part of the sensor in the vapor phase becomes superconducting. Therefore, the external heater as a heating device is wound in a spiral around the MgB 2 wire.
The MgB 2 wire used in this experiment was 0.32 mm in diameter and was reinforced by a CuNi (7:3) sheath. It was fabricated by an in situ method based on the powder-in-tube method with a heat treatment of 1 h at 873.15 K. To reduce the critical temperature T c of the MgB 2 wire, 10% SiC was added as an impurity to the MgB 2 core; as a result, T c was about 32 K. A polyestercoated manganin wire of 0.2 mm diameter was wound in a spiral around the MgB 2 wire with a pitch of 2 mm for use as an external heater. In this experiment, we manufactured five 500-mm-long MgB 2 level sensors (denoted as A1, A2, B1, B2, and C), which were cut from three 1.7-m-long MgB 2 wires (wires A, B, and C). After that, we examined their static level-detecting characteristics. Results showed that the performance variation among the MgB 2 sensors caused by individual differences in the wire rods was minimal, and these MgB 2 level sensors have a good reproducibility [16] . Figure 1 shows a schematic diagram of the LH 2 optical cryostat. The optical cryostat is composed of a vacuum jacket, an LH 2 space (20 L), an LN 2 space (15 L), a 77 K aluminum shield, and five optical windows. The optical cryostat has a height of 1327 mm and the optical windows have an effective diameter of 60 mm. Figure 2 shows the layout of the five MgB 2 level sensors. Figure 3 shows a photograph of the sensor probes. All five sensor probes were designed to change their position with probe rotation. Figure 4 shows the measurement system. The measurement system consists of an optical cryostat, the five MgB 2 level sensors, five current sources for the sensors [(ADVANTEST; R6142 programmable DC voltage/current generator), (ADVANTEST; TR6142 programmable DC voltage/current generator) ×2， (ADCMT; 6146 DC voltage current source) ×2], five power supplies for the heaters [(AND; AD-8735D digital DC power supply) ×5], a high-speed microscope (KEYENCE; VW-9000 high-speed microscope), and a data logger (KEYENCE; NR-600). The data logger consists of two strain-measuring units (KEYENCE; NR-ST04). In addition, the high-speed microscope was synchronized with the data logger and all the data were recorded by the data logger. Figure 5 shows a photograph of the measurement system. In the experiment, all electrical instruments were covered with a nylon bag filled with nitrogen gas to prevent an explosion.
Experimental apparatus and method

Experimental apparatus
Experimental method
The experimental method is as follows. First, we transferred the LN 2 from a 50 L LN 2 Dewar to the LN 2 tank of the cryostat and transferred the LH 2 from a 400 L LH 2 tank to the LH 2 tank of the cryostat, which was evacuated and purged with He gas. After that, in the limited imaging range of the high-speed microscope from the optical window, the experiment was performed with three MgB 2 level sensors (A2, B1, and B2), while omitting the MgB 2 level sensors A1 and C, using a DC four-wire technique and a measurement current of 10 mA under atmospheric pressure. We measured the output voltages of the three MgB 2 level sensors at a heater input of 6 W and the liquid level from the images obtained by the high-speed microscope while the liquid surface was varied by transferring gaseous hydrogen from the 400 L LH 2 tank. In addition, the high-speed microscope was synchronized with the data logger using an end trigger. The sampling period of the data logger was 10 ms and the frame rate of the high-speed microscope was 125 fps. For the experimental conditions mentioned above, we compared the liquid level obtained from the sensor output voltage with that obtained from the high-speed microscope images.
Finally, in order to clarify the sloshing inside the LH 2 tank using all five MgB 2 level sensors, we measured the output voltages of the five MgB 2 level sensors at heater inputs of 6 and 9 W while the liquid surface was varied by transferring LH 2 from the 400 L LH 2 tank and the sampling period of the data logger was 10 ms. The layout of the sensors in this experiment is shown in Figure 6 . In a previous experiment, the five MgB 2 level sensors were arranged in a line in the X direction, as shown in Figure 2 . In order to observe not only the liquid level oscillation in the X and Z directions but also the liquid surface oscillation in the Y direction, the center probe was rotated by 90°. Level detected by B2 sensor Level read from scale level sensors A2, B1, and B2 at a heater input of 6 W, respectively. The times when the data were obtained were the same in Figures 7-9. The difference between the level read from the scale and that detected by MgB 2 level sensor A1 was about ±1 mm, as shown in Figure 7 , and the difference between the level read from the scale and that detected by MgB 2 level sensor B1 was about ±2 mm, as shown in Figure 8 . In Figure 9 , the liquid level oscillation was large at the position of sensor B2 because it was located near the LH 2 inlet port, meaning that it was affected by warm gaseous hydrogen supplied from the 400 L LH 2 tank. The difference between the level read from the scale and that detected by MgB 2 level sensor B2 was up to about ±4 mm, and the time lag in the maximum amplitude positions of the wave was up to about 0.06 s. In this experiment, owing to experimental circumstances, we could not physically vibrate the cryostat to oscillate the liquid level, while the liquid surface was varied by transferring warm gaseous hydrogen from the 400 L LH 2 tank. Therefore, the level detected by the MgB 2 level sensor was lower than that read from the scale because the electric resistance in the vapor phase increased with the increase of the temperature inside the LH 2 tank of the cryostat.
Experimental results
Dynamic level-detecting characteristics of MgB2 level sensors.
Under special conditions such as in this experiment, the liquid level detection error from these sensors was up to about 4 mm, and the time lag in the maximum amplitude positions of the wave was up to about 0.06 s, thereby showing good characteristics of dynamic level detection.
Sloshing measurement using five MgB2 level sensors
It was clarified above that the external-heating-type MgB 2 level sensors used in this experiment exhibited good level detection characteristics under liquid level oscillation. Thus, we measured the liquid level simultaneously using all five MgB 2 level sensors. In this experiment, the five MgB 2 level sensors were arranged as shown in Figure 6 and the liquid level oscillation inside the LH 2 tank of the cryostat could be detected by the MgB 2 level sensors in all directions. We confirmed that all the MgB 2 level sensors indicated the same liquid level. Figure 10 shows the sloshing measurement by the five MgB 2 level sensors during LH 2 transfer for 30 s at a heater input of 6 W. The data in Figure 10 was plotted every 0.1 s in order to make the liquid level oscillation easy to view. As shown in Figure 10 , the liquid level increased linearly from 70 to 100 mm, as indicated by all five level sensors. The MgB 2 level sensor B2 detected large waves whose level was up to about 160 mm when the liquid level increased. Figure 11 shows the sloshing measurement by the five MgB 2 level sensors from 0 to 3 s at a heater input of 6 W and the data were plotted every 0.01 s. Figure 12 shows the Therefore, the sloshing measurements with the five level sensors were carried out successfully.
Summary
As fundamental research toward the marine transportation of LH 2 , we measured the sloshing inside an LH 2 tank using externalheating-type MgB 2 level sensors. The main results are summarized as follows.
We measured the output voltages of three MgB 2 level sensors at a heater input of 6 W and the liquid level from the images obtained by a high-speed microscope while the liquid surface was varied. The liquid level detection error from these sensors was found to be up to about 4 mm (about 0.8% of the total sensor length) and the time lag in the maximum amplitude positions of the wave was up to about 0.06 s, thereby showing good characteristics of dynamic level detection.
When we transferred the LH 2 from the 400 L LH 2 tank to the LH 2 tank of the cryostat, the liquid level oscillation was large. At that time, we successfully measured the sloshing in three axis (X, Y, Z) directions for 30 s when the liquid level increased from about 70 to about 100 mm.
From the above, we clarified that the external-heating-type MgB 2 level sensor can be applied to sloshing measurement.
As a future work, we will construct an LH 2 experimental system on board of a training ship and we will simultaneously measure the liquid level, temperature, pressure, acceleration, ship speed, and weather conditions during marine transportation. 
